The evaporation of droplets can give rise to a wide range of interesting phenomena in which the dynamics of the evaporation are crucial. In this work, we find simple scaling laws for the evaporation dynamics of axisymmetric droplets pinned on millimeter-sized pillars. Different laws are found depending on whether evaporation is limited by the diffusion of vapor molecules or by the transfer rate across the liquid-vapor interface. For the diffusion-limited regime, we find that a mass-loss rate equal to 3/7 of that of a free-standing evaporating droplet brings a good balance between simplicity and physical correctness. We also find a scaling law for the evaporation of multicomponent solutions. The scaling laws found are validated against experiments of the evaporation of droplets of (1) water, (2) blood plasma, and (3) a mixture of water and polyethylene glycol, pinned on acrylic pillars of different diameters. These results shed light on the macroscopic dynamics of evaporation on pillars as a first step towards the understanding of other complex phenomena that may be taking place during the evaporation process, such as particle transport and chemical reactions.
I. INTRODUCTION
The dynamics of the evaporation of droplets can be very complex and is dependent on many factors [1] . For example, it is known to depend on the thermal properties of both the liquid and substrate [2] the degree of hydrophobicity of the substrate [3] , the interaction between the liquid and the solid at the contact line (i.e., whether the contact line is perfectly pinned [4, 5] or if its movement is hysteresis-free [6] ), the substrate's stiffness [7] , and even whether the substrate is soluble or not [8] . Thorough reviews on subject can be found in Ref. [2] and more recently in Ref. [1] . Further understanding of a droplet's evaporation process [9] may contribute to accelerate the discovery of new applications that range from aerosol production and ink absorption [10] , to eye health [11] , DNA mapping [12] , formation of nanotube-based conductive microtracks [13] , and bioassays [14] . For example, Hernandez-Perez et al. [15] recently showed that the detection of glucose and proteins is enhanced if microliter droplets of the solutions evaporate on millimeter-sized pillars [see Fig. 1(a) ], as compared to the case when evaporation happens at constant contact angle on an effectively infinite plane. While the exact mechanisms responsible for this enhancement are not yet fully understood, it is very likely driven by currents generated inside the droplet as it evaporates, which, in turn, are known to depend on the dynamics of the evaporation process. In this respect, Deegan et al. explained the transport of colloidal particles towards the edge of pinned droplets (the so-called "coffee-ring" effect) as being the result of currents arising from the nonuniform spatial evaporation that line pinning necessarily brings about [4, 5] .
They also showed that the experimental conditions under which evaporation happens-which determine the functional * Author to whom correspondence should be addressed: escobar@fisica.unam.mx form of the evaporation rate (ER) as we review below-are crucial for the presence or absence of particle transport. In general, the specific dynamics of the evaporation process can give rise to different microscopic phenomena, of which the enhancement of chemical reactions mentioned above serve as a second example. Thus, as a first step towards the understanding of these complex phenomena, it is useful to investigate the evaporation dynamics that each of these experimental conditions leads to. There are mainly two experimental conditions which correspond to two distinct regimes leading to different functional forms of the ER. In the first one, the diffusionlimited regime, evaporation is limited by the time needed for the diffusion of vapor molecules. In the second one, the transfer-rate-limited regime, vapor molecules are considered to move away instantaneously from the liquid-vapor interface and are limited only by the transfer rate of molecules across the liquid-vapor interface. In both regimes, evaporation is assumed to be a quasistatic process. Figure 1 shows an example of the vapor concentration gradients in each of these regimes for a perfectly spherical droplet evaporating in free space, which is the simplest possible system.
In this work, we find closed-form expressions for variables that characterize the evaporation process as well as scaling laws for the evaporation dynamics of axisymmetric droplets pinned on pillars for each of these regimes. In finding these solutions, we construct dimensionless variables assuming that both the line pinning and spherical cap approximations are valid throughout the evaporation process. We show that a useful dynamic quantity to study the system is the available normalized surface area of the droplets, which is equal to the square of the height of the drop normalized by the pillar's diameter. We then find closed-form expressions for the time dependence of this variable and find remarkably simple universal curves onto which experimental data for the evaporation of water on pillars with different diameters collapse. Driven by our experimental results for the diffusionlimited regime, we find that a mass-loss rate proportional to the drop's height times a geometric factor is equivalent to a rate proportional to the drop's radius, yielding a simple scaling law for the available normalized area. We then propose that, for this system, a mass-loss rate equal to dm/dt = −(12/7)πDc s (1 − R.H.)r(t) brings a good balance between simplicity and physical correctness, implying that the pillars effectively hinder evaporation by a factor of 7/3 as compared to the case of a complete spherical drop evaporating in free space. We also find a scaling law for the evaporation of binary mixtures in the diffusion-limited regime from physically sound modifications of the equations found for pure substances. This model fits extremely well to experimental data obtained for polyethylene glycol (PEG) dissolved in water, as well as for blood plasma. This paper is organized as follows. In the two next subsections, we briefly review the two main evaporation regimes mentioned above. In Sec. II we present the models for evaporation leading to differential equations for the corresponding mass-loss rates and find closed-form solutions for the experimentally measurable quantities. Materials and methods are described in Sec. III. In Sec. IV we test the models against experimental data of both pure and mixed substances, including a solution of PEG and water as well as blood plasma. Conclusions are presented in Sec. V.
A. Diffusion-limited evaporation
When evaporation is limited by the time needed for vapor molecules to diffuse, the vapor concentration c is in general assumed to obey the Laplace equation, ∇ 2 c = 0, throughout the evaporation process [16] . This condition holds if the process is assumed to be quasisteady, so that the concentration field adjusts quickly to changes in the droplet size as compared to the time needed for evaporation. In general, the concentration gradient is obtained given the particular boundary conditions as imposed by the experimental setup, from which the evaporation flux j (r,t) = −D ∇c (Fick's law) is then calculated, where D is the diffusion constant of the vapor. The drop's mass-loss rate is then obtained as [17] 
where A is the drop's surface area. As the concentration gradient is the source of the mas flux j , it is important to state the boundary conditions for c: at the liquid-vapor interface, the vapor saturation value, c s , is assumed, while at infinity (i.e., far field), c = c ∞ ≈ (R.H.)c s , where R.H. stands for the relative humidity. In addition, the flux normal to any substrate must be zero. The clear analogy between the evaporation variables, c and j , and the potential and electric field from electrostatics was first noted and exploited by Maxwell [16] . The geometrical constraints of the problem (e.g., line pinning) are then used to solve the integral in Eq. (1) from which a differential equation for the mass loss is obtained. For example, in the case of the evaporation of a completely spherical suspended droplet of radius r s , the diffusion-limited regime [ Fig. 1(c) ] yields c = (c s − c ∞ )r s /r + c ∞ , and a time rate of the drop's mass loss given by [16, 18] 
If instead, a droplet of radius smaller than the capillary length is sessile on a flat substrate of comparatively large dimensions, a spherical cap is formed and diffusion is hindered by the presence of the plane, slowing down evaporation [19] . In this case, evaporation can occur in different modes: constant contact radius or constant contact angle θ . Often, evaporation happens on flat surfaces in a stick-slip fashion, alternating between these modes [19, 20] . If the contact line is pinned so that the wetting area is constant (constant contact radius mode), as mentioned above, Deegan et al. [4, 5] demonstrated that it is precisely the line pinning that is responsible for the transport of insoluble particles to the edge of the drop, in what is known as the "coffee ring" effect. Furthermore, they showed that it is the diffusion-limited nature of the evaporation process that makes the transport of particles possible. Deegan et al. based their results on an approximation of the solution to the ER for sessile droplets derived by Picknett and Bexon [19] and Levedev [21] and later corroborated by numerical simulations and experiments by Hu and Larson [22] . In this evaporation model, the mass-loss rate is no longer proportional to the drop's spherical radius as in the case of the free-standing drop, but to the contact radius a, so that [19, 22] 
where the function f (θ ) gives the so-called "evaporationreduction factor" [2] . In experiments with pinned droplets, θ is constantly changing and integration of the mass-loss rate in a closed analytical form is not possible. Consider now an evaporating droplet pinned on a circular pillar whose radius is comparable to the drop's radius as shown in Figs. 1(a) and 2. In this case, clearly evaporation will no longer be hindered as much as in the case of a droplet sessile on a plane, and the model outlined above is likely to be invalid. On the other hand, finding the exact expression for the concentration gradient would not only be very challenging (due to the particular boundary conditions of the substrate), but it would also lead to an equivalent function to f (θ ), which will not allow for a closed-form solution, just as in the case of a sessile droplet on a plane. Recent work by Sáenz et al. [9] has suggested that diffusion-limited evaporation of drops pinned on pillars obeys a universal scaling law that depends on the area-averaged mean interface curvature, which may be particularly relevant for nonaxisymmetric droplets. As we show in Sec. II B, when an axisymmetric droplet is considered, the rate predicted by their model for the early stages of the evaporation process reduces to
where h is the height of the spherical cap. A mass-loss rate proportional to h was also obtained by Rowan et al. [17] but they proposed this model for the evaporation of water droplets resting on effectively infinite substrates. We will show below that the model proposed by Rowan et al. is actually better suited for the case of pinned droplets on pillars than on planes. While this model is based on simplifying assumptions, it leads to a closed-form analytical expression for the evaporation dynamics that would not be possible to obtain if an exact expression for the diffusion was used instead. Furthermore, as we will explore in the discussion section, adding a simple geometric factor to the mass-loss rate allows us to find a scaling law for this regime that fits well the experimental data. This geometrical factor will turn out to make the mass-loss rate proportional to the drop's radius, r.
B. Evaporation limited by the transfer rate across the liquid-vapor interface
The Knudsen-Hertz equation (KHE) [23, 24] is typically invoked to study evaporation in cases where vapor molecules can be considered to move away instantly from the liquid-vapor interface so that the vapor concentration is equal to c s at the interface and to c ∞ everywhere else [see example in Fig. 1(b) ]. Experimentally, this condition can be achieved by studying evaporation in vacuum or by allowing a flow of neutral gas in the direction of the drop. By construction, the KHE considers evaporation to be a quasistatic process based on the MaxwellBoltzmann velocity distribution, in which there exists a net flux of vapor molecules at the liquid-vapor interface driven by the difference between the atmospheric and saturation (P s ) vapor pressures. The KHE gives a mass-loss rate proportional to the liquid-vapor surface area A [25] :
where
k b is the Boltzmann constant and m m is the mass in kg of a molecule of the evaporating liquid. In this model, it is assumed that both the liquid and the vapor are at temperature T . The symbols σ e and σ c are the so-called evaporation and condensation coefficients, respectively. These coefficients are smaller than 1 and represent the probability that a molecule striking the interface will change from the vapor to the condensed phase and from the condensed to the vapor one, respectively. The nature of these coefficients, i.e., whether or not they are constant as a function of temperature, molecular structure, or interfacial curvature, is a matter of current debate, and suitable modifications of the original KHE are the subject of ongoing research [25, 26] . For example, the so-called Statistical Rate Theory (SRT) gives an alternative expression for the mass-loss rate. SRT gives an expression for the flux that is identical to Eq. (6), but with the important difference that the sticking coefficients are a function of temperature and have no fitting parameters associated to them. A thorough review of both KHE and SRT can be found in Ref. [25] . However, in this work we will stick to the usual KHE [Eqs. (5) and (6)] since it provides simplicity and yields a model that compares very well with the experimental data.
II. EVAPORATION MODELS AND SCALING LAWS

A. Assumptions and dimensionless variables
First, as in other studies [22] , we assume that the evaporation process is slow enough as for changes in the drop's temperature not to alter the diffusion constant D. Second, we assume that the three-phase contact line remains pinned all throughout the evaporation process. In this respect, it has been shown that as pinned droplets evaporate their free energy increases enough to possibly unpin the line towards another local energy minimum [27] . However, the sharp edges of the pillars make this energy barrier high enough [28] so that the line does remain pinned during the entire evaporation process, as is corroborated experimentally [ Fig. 1(a) ]. Third, since the dimensions of the droplets are smaller than the capillary length for water, gravitational effects can be neglected and the droplets are considered as spherical caps (Fig. 2) . For our analysis, it is convenient to write the droplet's volume, spherical radius, and height from the center of the pillar as a function of the liquid-vapor surface area A and of the pillars radius a as
, and h = (A/π) − a 2 respectively. We now use the pillar's dimensions to define the dimensionless sphere's volume β, radius ς , and height η, and write them as a function of the dimensionless area α ≡ A/4πa 2 so that the relations above become
and
In terms of dimensionless area, the contact angle θ between the droplet and the pillar is
Complete evaporation of the droplet happens when A is equal to the area of the pillar, or, in terms of the dimensionless variables, when α = 1/4, at which point β = 0.
B. Liquid-vapor interface transfer-rate-limited evaporation:
Mass-loss rate proportional to liquid-vapor surface area
In this case, the transfer rate across the liquid-vapor interface is the rate-limiting step. As mentioned in the Introduction, in the construction of the KHE it is assumed that the evaporation rate of solvent molecules (at constant base radius a) is proportional to the surface area,
where φ A is a constant that in principle can depend on the corresponding vapor and ambient pressure and temperature. In principle, the vapor pressure of the solvent can also depend on the drop's curvature [29] , but the constant pillars' width onto which the contact line is pinned actually prevents this effect from being relevant. The mass-loss rate is then obtained by assuming a constant density of solvent molecules inside the liquid, ρ ≡ (V /m), and substituting into Eq. (11) . Using the dimensionless variables defined above, the volume change can be written as a function of the dimensionless area α(t) only,
where the scaled evaporation rate, ϕ A ≡ 3φ A /aρ N , has units of s −1 . Defining α 0 ≡ α(0), the solution of Eq. (12) is
The time for complete evaporation is then found to be t max ≡ 3
, which we now use to write Eq. (13) in complete dimensionless form after defining the dimensionless time τ A ≡ (t/t max ):
We now define the "available normalized area" as
which is equal to 1 when evaporation begins, and 0 when the droplet has evaporated completely [α(τ = 1) = 1/4]. From Eq. (9), we have α = η 2 + 1/4, which after substituting into Eq. (15) leads to
where the solution for α(τ ) was substituted. Thus, the droplets' time-dependent squared normalized height should collapse onto the universal curve given by Eq. (16), regardless of the pillars´width. Information about the pillars' width is indirectly integrated into the value of h 0 if the volume of the droplet is known. If necessary, the rest of the important variables usually measured in evaporation experiments could be all recovered from α(τ ), namely, the contact angle and the drop's radius r, through Eqs. (8)- (10).
C. Diffusion-limited evaporation: Mass-loss rate proportional to drop's height
As mentioned in the introduction, it is possible to obtain an approximate solution that circumvents dealing with an equivalent function f (θ ) in the case of diffusion-limited evaporation. To this end, we consider as a starting point a hybrid model in which the solution of the Laplace equation is taken as that of a free-standing spherical droplet while simultaneously imposing that the actual shape remains a spherical cap throughout the evaporation process. This was precisely the approach that Rowan et al. [17] undertook, in good agreement with their experimental data for droplets on large flat surfaces. The free-standing droplet simplification implies that the flux points radially, which leads to a straightforward solution to the mass-loss rate equation
where h is the height of the spherical cap) [1, 17] . In the last integral, the height h(z) is constrained to be that of a spherical cap, and z is the horizontal coordinate from the center of the pillar. Note that, while this model was originally developed for droplets sessile on a plane, it is actually better suited for modeling sessile droplets on pillars, since in this case evaporation is hindered only by the pillar's area instead of the whole plane. Therefore, modeling the concentration gradient as that of a free-standing spherical droplet is a reasonable first approximation to this problem. In this respect, Sáenz et al. [9] have recently found that diffusion-limited evaporation on pillars follows a universal scaling law that depends on the area averaged mean interface curvature. They found that the mass-loss rate that best fits their data is dm
, whereκ is the area-averaged mean interface curvature. For an axisymmetric droplet (spherical cap) for which the curvatures are constant andκ = 1/r, it is straightforward to show that the mass-loss rate they propose reduces
, for the first stages of the evaporation process. Thus, the results found by Sáenz et al. validates the simplifying assumption we propose here: for axisymmetric droplets resting on pillars, the concentration gradient can, to a first order, be approximated by that of a free-standing spherical drop during the initial stages of the evaporation process. As h decreases, the evaporation rate will increase and the full expression suggested by Sáenz et al. must be used. However, Rowan's model serves as a good first approximation to gain insight about this system. Thus, the evaporation rate we first propose in this model is
where φ h ≡ 2πD(c s − c ∞ ). This equation can be written as a function of the dimensionless volume as
2 ), and ρ ≡ m/V is the volumetric mass density. Writing both the volume and the height as functions of the area, we obtain the following, relatively simple, differential equation:
whose solution is
where W(x) is the Lambert omega function [30] . This equation can be recast to give the square normalized drop's height ξ as we defined it above [Eq. (15)], which in this case is equal to
and τ ≡ 8tϕ h /3 = t(4φ h /a 2 πρ). Note that x serves as the initial condition for the evaporation process. The same solution is found, for example, for the flow front of debris avalanches [31] , and the depletion of substrate concentration in the Michaelis-Menten model of enzyme kinetics [32, 33] . Equation (21) predicts that total evaporation will happen asymptotically, and therefore, it is not possible to assign the time needed for total evaporation as a scaling factor as we did in the previous section. Furthermore, note that the explicit dependence of Eq. (21) on x means that the time evolution of ξ depends on the pillars' diameters through α 0 , in contrast with the case of transfer-rate-limited evaporation examined in the previous section. Indeed, Fig. 3 shows the time evolution of ξ for different values of x. This dependence holds in particular if the initial volumes of the droplets are constant (as in the experiments we perform), which yields very different values for x for different a's. If this model is correct, we expect that the square of the normalized height will follow Eq. (21) with a constant φ h for different pillars' diameters. However, as we will justify in the discussion section, a mass-loss rate equal to dm/dt = −(12/7)πDc s (1 − R.H.)r(t) will turn out to be more accurate for this system and lead to a scaling law of the form ξ = (1 − τ ), independent of the pillars' size.
D. Diffusion-limited evaporation: Binary mixtures
The evaporation of a solution composed of two substances-one of which evaporates at a much lower rate (or does not evaporate at all) than the other-can be studied following the time evolution of a modified expression for the square of the normalized height. To do this, first note that the final height of such an evaporating droplet is not zero, and furthermore, this height will vary for different pillars' widths. Second, we make the following physical argument: given that
2 [Eq. (15) ] is the available normalized height for total evaporation, then, if hf is the final height of the drop, the available normalized height for partial evaporation will be given by
, (23) where τ f is the dimensionless time needed for the height of the droplet to reach h f . We note that this is a first order approximation, since it is known that buckling can occur leading to nonspherical shapes of the solute [34] . A natural time scale for this system is that needed for the evaporation rate to decelerate, or, in mathematical terms, the point in time at which the first derivative of ξ (τ ) has an inflection point. This time is τ dec ≡ x − log( √ e/2x). Using this time scale, ξ h (τ h ) *
can be approximated (see Sec. A 2) as
where now τ h ≡ (τ/τ dec ) ∈ [0,1]. Note that this equation is independent of x, i.e., it should hold for any initial condition or relative droplet height and therefore serves as a scaling law. It is the same function we found before for the liquidvapor interface transfer-rate-limited evaporation, but with a different characteristic time scale. We will show in the experimental section that Eq. (24) fits remarkably well data for the evaporation of both a binary mixture of water and PEG and blood plasma.
III. MATERIALS AND METHODS
A. Fabrication of pillars
Submillimeter-size pillars were designed in Dr. Engrave (Roland DG, Germany) and fabricated on a 1.5-mm-thick poly (methyl methacrylate) sheet using a high-precision milling machine (MDX-40A, Roland DG, Germany). Pillars were engraved with a 2-mm tungsten carbide drill bit at 6000 rpm. Grooving velocities were 6 mm/s for the x and y axes and 3 mm/s for the z axis with a z step of 100 µm. Circular pillars had diameters ranging from 400 to 1800 µm with a height of 500 µm. Pillar borders were inspected with an inverted microscope (Axiovert, Zeiss) using a 40× objective. To remove residues, pillars were blow-dried with compressed air and difluoroethane, propane-butane (e-dust, PC-030300 PERFECT CHOICE, Mexico). When necessary, plastic pillars were washed with neutral soap (Low-Foaming Phosphate-Free Powdered Detergent No. 2204, Tergajet, Alconox) at 1 g/l.
B. Experimental section
Humidity-controlled chamber. Droplet evaporation experiments were carried out inside a custom-built humidity chamber made of 1-inch-thick acrylic. The chamber dimensions were 30 × 30 × 50 cm. A 500-lumens white light source (902-838, Ecosmart, USA) was placed outside the chamber and behind the pillars to increase the contrast when taking photographs, but also to keep a constant temperature inside the chamber. The chamber also contained a 20 kHz ultrasonic humidifier (AIR-200, Steren, Mexico), and a 5-V fan (TFD-8025M12S, Titan, Taiwan). Pellets of calcium chloride anhydrous were used to reduce humidity when necessary.
Electronic control. An on-off control programmed in an Arduino UNO board was used to maintain a constant humidity in the chamber and to control the fan speed for the duration of the experiments. The humidity and temperature inside the chamber were monitored using a capacity sensor (SHT75, Sensirion, Switzerland). A graphical user interface programmed in LabView was designed to display both variables in real time.
Image acquisition and analysis. High-resolution images of the pillars were acquired with a scanning electron microscope (Hitashi-SU5000; Fig. 4 ). For the evaporation experiments a USB digital microscope (AM2111, Dino Lite, Taiwan) was used at a 50× and 230× magnifications to take photographs of the pillars sideways and from the top, respectively. Paper filters and black background were used when necessary to avoid glare. Images were captured automatically and converted to 8-bit images. The contact angle and height were analyzed using the Drop Analyze (LBADSA) plugin from ImageJ. A dispersion x-y graph and linear regression or polynomial second order analysis was performed on the data using GraphPad (Prism). Figure 5 shows photographs of four of the pillars fabricated with water droplets of the same volume resting on top of them.
Evaporation experiments. All evaporation experiments were performed at 25 ± 1
• C, maintaining a R.H. of either 30% or 50%. For the diffusion-limited evaporation regime, droplets were allowed to evaporate inside the control chamber. For the experiments corresponding to the transfer rate-limited regime, a fan was placed inside the chamber, 10 cm away from the pillar. The evaporating substances used were milli-Q water, 10% polyethylene glycol 400 (No. 202398, Sigma-Aldrich, USA), and blood plasma on different pillars. The droplets of blood plasma were placed using a metal tip; 10 ml of whole blood were centrifuged for 5 min at 1600 rpm in a lab centrifuge (5804-R, Eppendorf). Plasma was obtained by collecting the top 4 ml of the 10 ml tube; 100 µl aliquots of blood plasma were frozen at −20°C and thawed before use. 
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Pure substances: Interface transfer-rate-limited evaporation
We now compare the predictions of the model developed in Sec. II B against experimental data. Figures 6(a) and 6(c) display the measured drop's height versus time for milli-Q water droplets pinned on pillars. In these experiments, a fan points in the direction of the drop. Thus, we expect that the evaporation rate be proportional to the drop's area A, so that In calculating the variable τ A for each pillar, the density for water is taken as ρ = 1000 kg m −3 and φ A is chosen as to minimize the sum of the square differences of the combined data for all pillar diameters for each initial volume. The constants that best fit the data are φ A = 3.44 × 10 −4 ± 2.9 × 10 −6 kg s −1 m −2 and φ A = 4 × 10 −4 ± 5.2 × 10 −6 kg s −1 m −2 for initial volumes of 3 μl and 2 μl, respectively. We find an excellent agreement between experiment and theory, i.e., all experimental data collapses onto the theoretical curve, in which ξ A spans almost three orders of magnitude. We now briefly give a possible interpretation of the values of φ A found. Approximating σ e ≈ σ c = σ , we obtain an expression for the evaporation rate, [25] . Furthermore, both values should coincide if indeed both the temperature and R.H. are kept constant. However, as mentioned in the introduction and noted in Ref. [25] and more recently in Ref. [35] , there exist important limitations to the theory leading to the KHE, especially with respect to the interpretation of the sticking coefficients. In particular, the values found here differ notably from those found by Rizzuto et al. [36] using Raman thermometry, most likely due to the fact that their experiments were carried out in vacuum. A brief review of this work has been added to the Appendix (Sec. A 3) . Further experiments of evaporation process on micropillars similar to the ones we have conducted here could help validate new or present evaporation theories. Nevertheless, the collapse of the data for each group of experiments indicates that the scaling law proposed in Eq. (16) is correct for the evaporation of pinned droplets on pillars in this experimental setup in which the evaporation rate is proportional to the surface area of the drop. 
B. Pure substances: Diffusion-limited evaporation
We now present the results for the evaporation of water droplets pinned on pillars in the diffusion-limited regime. (21), obtained by fixing the initial condition for the evaporation through the variable x given by the initial height of the droplets. Insets show ξ in log-lineal scale, evidencing that while the model describes well the evaporation for the initial 90% of the entire process, it underestimates the evaporation rate for the remaining 10%. This same result was found for both sets of experiments at different R.H. levels. Table I shows the values for φ h from the best fits to Eq. (16) for the different pillars and relative humidity levels. On the other hand, as pointed out in Sec. II C, we expected φ h to be constant for all pillars, but as shown in Table I , there is a considerable dispersion in the values obtained for the different pillars' sizes. For the data taken at R.H. = 50%, the standard deviation is 15% of the average, φ 50% h = 1.07, Table I and Fig. 8 ) and averaged, the expected ratio from the theoretical expression is well approximated. Explicitly, assuming D and c s are constant at a temperature T for a given pillar size, the theoretical ratio of the evaporation rates yields (φ The fact that the theoretical solution found for this system fits well only to the first 90% of the evaporation process was to be expected. After all, in this model the concentration gradient was approximated as that of a free-standing spherical drop. But as the drop evaporates, the spherical cap resembles less and less a complete sphere, making this approximation progressively worse. It is thus remarkable that despite this shortcoming of the model, the ratio of the experimental evaporation rates yields, for each pillar size, a reasonably close value to the theoretical prediction. This implies that it may be possible that an effective diffusion constant D (a) be assigned to each pillar size, while keeping the spherical droplet approximation. Note that, in principle, introducing D (a) would not be equivalent to introducing a similar "evaporation reduction factor," f (θ ), used for the evaporation of droplets on relatively large surfaces, because the effective diffusion constant would hold for all angles for a given pillar radius. On the other hand, and perhaps more importantly, Figs (Table I) the physics of the evaporation in this experimental condition, as they strongly suggest that the square of the normalized height decreases linearly with time for the most part of the process. Thus, it is possible that an evaporation rate that leads to an expression of the form
, actually collapses the experimental data. As shown in the Appendix, an evaporation rate proportional to the liquid-vapor interface radius, dm/dt = −φr(t) [Eq. (2) and Fig. 1(b) ], precisely leads to such an expression for ξ . But doing this would seem physically incorrect, since it is the result of assuming the evaporation of a perfectly spherical suspended drop, a system that is very far from the conditions of the actual pinned drop. Nevertheless, note that the expression for the mass-loss rate,
is mathematically identical to Eq. (2) (except for a factor of 2 that is absorbed by the constant φ h ), due to the particular geometry of the spherical cap [r = (a 2 + h 2 )/2h]. Also, note that the expression to which for the mass-loss rate derived by Saenz et al. reduces for axisymmetric drops can be interpreted as consisting of a term proportional to the drop's height h, times a geometric correction of the form g[(a/ h) 2 + 1], which in their case is a power law with exponent 0.47. This geometrical factor serves the purpose of accelerating the evaporation rate as the drop's height decreases and has the same form as Eq. (29) . Based on these two arguments, we propose that for diffusion-limited evaporation the mass-loss rate can be approximated by Eq. (29) in which the geometric factor g is just a linear function of its argument. It is straightforward to show that this expression leads to a dimensionless area equal to (see Sec. A 1 for details):
which, in turn, yields
where the dimensionless time is now given by
In Fig. 9 we plot again ξ h (τ h ) for the same data presented in Fig. 7 , but with the normalized time of Eq. (29) . Now the data collapse reasonably well onto the prediction curve, Eq. (28). The evaporation rates from the theoretical prediction that best fit the data are φ leading to the scaling law ξ h (τ h ) = (1 − τ h ) of Eq. (28). Our results suggest that Eq. (30) brings a good balance between simplicity and physical correctness. Moreover, it implies that the pillars effectively hinder evaporation by a factor of 7/3 as compared to the case of a complete spherical drop evaporating in free space [Eq. (2)].
C. Evaporation of multicomponent droplets pinned on pillars:
Diffusion-limited evaporation
As stated in Sec. II D, to describe the evaporation of binary mixtures, we make use of the same model we developed for diffusion-limited evaporation by considering the square of the normalized height for partial evaporation, ξ h (τ ) * [Eq. (23)]. To do this, it is necessary to take as final height, hf, the height of the remaining solute, i.e., the solute left once evaporation has stopped. For both blood plasma and the solution of PEG, the shape of the remaining solute is found to be well approximated by a spherical cap constrained by the pillar's diameter. 
Blood plasma
The evaporation and spreading of blood has been studied extensively and reviewed by Brutin and coworkers [1, 39] . For example, studying the patterns left after evaporation can give information about the molecular and supramolecular structure of proteins [40] and has even been used for the detection of diseases [41] . Plasma makes up 55% of the total blood content, which in turn is composed of 90% water, with the remaining 10% being ions, electrolytes, and proteins [39] . As a final test of this model, we repeat the exact same experiments that were carried out for PEG, but this time for blood plasma. Figures 11(a) and 11(c) show the height of the droplets versus time. As with the evaporation of PEG and water droplets, when ξ h (τ )
* is plotted against τ , the curves for all pillars diameters collapse onto the theoretical curve, Eq. (24) However, the log-linear scale plots show that in this case the fit is not as good as in the case of the PEG and water droplets. The evaporation rates found in this case is φ h = 0.958 × 10 −6 ± 4 × 10 −9 kg s −1 m −1 and φ h = 1.438 × 10 −6 ± 8 × 10 −9 kg s −1 m −1 for R.H. = 50% and R.H. = 30%, respectively. The ratio of these values is 1.5, in fair agreement with the theoretical ratio of 1.4.
Note that, despite the approximations made in its derivation, the theoretical prediction for both multicomponent system fits well the experimental prediction.
V. CONCLUSIONS
We have developed models for the evaporation of axisymmetric droplets pinned on pillars for the diffusion-limited and transfer-rate-limited regimes, for both pure and mixed substances. After physically sound approximations, we have found simple closed-form expressions for the square of the normalized drop's height, ξ ≡ (h/h 0 ) 2 , as a function of the normalized time, τ . For single-substance droplets in the diffusion-limited regime, our experimental results have led us to propose an approximate mass-loss rate equal to dm/dt = −(12/7)πDc s (1 − R.H.)r(t). This rate greatly simplifies the scaling law found, ξ = (1 − τ ), while comparing very well with experimental data. A systematic study of this system at different R.H. levels is necessary to further validate the universality of the rate proposed here.
For binary mixtures in this same regime, the scaling law is given by the square of the normalized drop's height for partial evaporation, ξ * = (1 − τ ) 2 , while for single-component droplets in the transfer-rate-limited regime, the scaling law found is ξ = (1 − τ ) 2 . These laws where successfully tested against experimental data from water, PEG and water, and blood plasma droplets. For the evaporation of binary mixtures in the diffusion-limited regime, a mass-loss rate proportional to the drop's height h (Rowan's model) yields a model that compares very well with experimental data. We attribute this success to the fact that the solute keeps the shape of the droplet closer to a complete sphere for the entire duration of the evaporation process as compared to the case of pure substances. In this respect, it would be very interesting to have single component droplets evaporate on pillars with spherical cap-shaped surfaces, which would serve the same purpose as the solute. While the manufacturing of these pillars does not seem straightforward it does not seem impossible either. Carrying out bioassays on such pillars may lead to different and possibly enhanced detection levels.
The scaling laws presented here can help validate the time evolution of the drop's height as a first step towards the understanding of more complicated physical and chemical processes that may occur inside the drop, as in the case of bioassays. For the sake of completeness, we briefly incorporate the model corresponding to an evaporation rate proportional to the radius of the liquid-vapor interface, dN(t)/dt = −r(t)φ r . A model in which the mass-loss rate is proportional to R was proposed by Birdi and Vu [42] for diffusion-limited evaporation. Note that this model can be interpreted as the result of considering the sessile droplets as free standing spherical ones in which the pillars play no role, neither with respect to limiting evaporation nor for constraining the geometry of the drop. Necessarily, this is then just a zeroth order approximation to the problem at hand, but it does offer a closed-form analytical solution as we now show. Substituting the radius on the right-hand side of Eq. (1) 
whose solution is simply
where now ϕ r ≡ (3φ r /4πa 2 ρ). The square of the normalized height in this case is
where τ r ≡ t/t max and t max = (3/8φ r )(4α 0 − 1) = h 0 2 πρ/2φ r . Equation (A3) predicts that the drop's height will decrease as the square root of time.
Approximation for the normalized available area for partial evaporation, ξ h (τ h ) *
A natural time scale for this system is that needed for the evaporation rate to decelerate, or, in mathematical terms, the point in time at which the first derivative of ξ (τ ) has an inflection point.
This time is τ dec ≡ x − log( √ e/2x), and has the interesting property that η(τ dec ) = (1/2) √ W(xe x e −τ dec ) = 1/(2 √ 2), regardless of the value of x as shown in Fig. 12(a) . We thus propose that τ f = τ dec , which allows us to write the modified available normalized area as
where τ h ≡ (τ/τ dec ) ∈ [0,1]. In writing the last equation, we have assumed that evaporation stops at τ dec . Noting that both the function itself as well as its first derivative evaluated at τ h = 1 are zero, it is natural to attempt to find an approximate solution of the form ξ h (τ h ) * ≈ μ(x)(1 − τ h ) 2 , where μ(x) is the second order Taylor expansion coefficient which is of order 1 within the experimentally relevant range of initial conditions. Actually, μ(x = 2) ≈ 0.92 and μ(x = 12) ≈ 1.57, which roughly correspond to the initial volumes of a 3 μl droplet pinned on pillars of diameters a = 0.5 mm and a = 0.9 mm, respectively. Given the above considerations as well as the fact that it is required that ξ h (τ h = 0) * = 1, we approximate the desired function by setting μ = 1 for all x, so that 
Recent studies on the microscopic mechanisms of evaporation
While this work does not concern itself with the microscopic (molecular) mechanisms behind the process of evaporation, as we have mentioned on the main text, said mechanisms are a matter of present and vivid research. In particular, as noted in Ref. [36] , it is of great interest to measure the evaporation and condensation coefficients for different systems, since their deviation from unity signal the presence of kinetic and thermodynamic barriers. In this respect, Rizzuto et al. performed the first experimental studies of ballistic evaporation using a jet Raman thermometry method [36] . Using this technique, it is possible to infer the temperature of the evaporating droplets from the position and line shape of the -OH stretching vibration signal. In turn, using a suitable cooling model, the evaporation coefficient can be calculated by fitting the experimental data. Interestingly, the authors find that the evaporation coefficients of aerosol droplets evaporating in vacuum are strongly affected by the interfacial pH level of the droplets. Specifically, the authors find a value for the evaporation coefficient of 0.25 for 1.0 M HCl and 0.91 for 0.1 M HCl, while for pure water they find a value of 0.62. The authors attribute this effect to the presence of hydronium perturbing the interfacial hydrogen bond structure of the droplet. Consistent with their experimental results is the molecular simulation study carried out by Nagata et al. [43] . The authors of the latter find that the ultrafast (order femtosecond) hydrogen-bond rearrangement dynamics is crucial for evaporation to take place in the first place. Remarkably, the they show that the energy needed for a single water molecule to evaporate is provided by the collision with a second molecule that in turn is hydrogen bonded to a third one. In other words, they show that evaporation of a water molecule is in fact a three-body effect.
